Introduction
The development of new and efficient transition-metal catalyzed transformations still continues to push forward organic synthesis and material science. That great level of success has been achieved mainly due to a detailed study of the factors that govern the reactivity of catalytic intermediate species whose understanding is essential in order to rationally design active and selective catalysts. 1 In this context, metal-alkoxides, and particularly hydroxides, represent a versatile type of derivatives that exhibit highly valuable catalytic applications as well as interesting utility as precursors for further elaborated organometallic complexes. 2 Metalhydroxides can be directly involved in catalysis as key intermediates for several oxygen nucleophile additions, 3 or, alternatively, they can play the role of initiator, behaving as an internal base that triggers varied transformations such as hydrogenations, 4 arylations, alkyne hydrothiolation of new Rh-NHC-hydroxo complexes with particular emphasis on their influence on the reaction mechanism induced by the presence of the hydroxo bridging ligands in the catalyst precursors in comparison with the related chlorido bridged counterparts.
Scheme 1.
Insertion pathways for the control of the regioselectivity in alkyne hydrothiolation.
Results and Discussion
Preparation of Rh-NHC-hydroxo complexes. Precedents for Rh Catalytic Alkyne Hydrothiolation. The catalytic performance of complexes 3-5 in alkyne hydrothiolation was examined. The addition of thiophenol to phenylacetylene was chosen as benchmark reaction. An 1:1 alkyne/thiol catalytic sample was monitored in an NMR tube in 0.5 mL of C 6 D 6 using 2 mol % loading of catalyst (Table 1 and Figure 2 ). The thiol was consumed after 17 h at 25 ºC when using compound 3 as catalyst precursor (Table1, entry 1). The main product was the α-vinyl sulfide, but the selectivity reached only 79 %. The formation of around 6 % of disulfide was detected by GC-MS analysis. The Rh-IMes catalyst 4 displayed lower catalytic activity and selectivity but also showed a decrease in the formation of disulfide (Table   1 , entry 3). In contrast, catalyst 5, bearing η 2 -ethylene ligands, was more active and selective, showing a turnover frequency calculated at 50 % conversion (TOF 1/2 ) of 41 h -1 . Although relatively low selectivity was attained, a clear tendency towards the α-isomer was observed for the hydroxo catalysts in marked contrast to the chloride bridged counterparts 1-2 with which only around 30 % of α-vinyl sulfide was obtained. 15f We have previously shown that addition of pyridine to Rh-NHC based catalytic systems results in a remarkable increase of selectivity towards gem-products probably as a result of the stabilization of intermediate species.
15f,j,22
Pleasingly, selectivity towards α-vinyl sulfide was increased by addition of 10 equiv of pyridine, up to 96 % for 5, although with a slight reduction in the catalytic activity (Table 1 , entries 2, 4, 6, Figure 2 ). Moreover, the addition of pyridine reduced the formation of disulfide to trace amounts (<0.5%). Addition to α-terpinene (α-TH) as a radical scavenger to a catalytic sample of 3 and 10 equiv of pyridine did not significantly affect either the activity or the selectivity, thus excluding a mechanism via radical species operating with our catalytic system (Table 1, entry 7) . Indeed, the absence of any β-Z-vinyl sulfide isomer throughout this study gives further evidence that the metal catalyst is not competing with a significant radical side reaction. The performance of hydroxo-catalyst precursor 3 with 10 equiv of pyridine was studied for a wide range of alkynes and thiols (Table 2 ). In general, selectivity to α-vinyl sulfide was very high, except for 1-ethynyl-1-cyclohexene and 2-ethynylpyridine, although catalytic activity was lower than that found for phenylacetylene and thiophenol. Aliphatic alkynes such as 1-hexyne and benzylacetylene afforded 86% and 93% of Markovnikov-type addition products without isomerization to internal olefins ( Mechanistic studies. In order to disclose the mechanism operating in the hydroxo Rh-NHCbased catalytic systems, a series of stoichiometric low temperature reactions with complex 3 have been performed (Scheme 3). Rather surprisingly, the hydroxo complexes 3-5 were stable towards bridge-cleavage by coordinating ligands, such as PPh 3 or pyridine, in contrast to the reactivity observed for their chlorido counterparts 1-2.
15f However, they are reactive towards acidic thiols as such thiophenol, benzylthiol or n-butylthiol to generate unidentified mixtures of complexes, probably due to the formation of intricate thiolato-bridged metallic structures. 23 In contrast, addition of benzylthiol to 3 in the presence of pyridine at room temperature lead to the formation of a new thiolato complex Rh(SCH 2 Ph)(IPr)(η 2 -coe)(py) (6). 24 The 1 H and 13 C{ 1 H} NMR spectra agrees with the proposed structure. Particularly, the singlet at δ 2.68 ppm, that correlates with a CH 2 -carbon signal at 35.0 ppm in the 1 H-
13
C HSQC spectrum, can be ascribed to the benzylthiolato ligand, whereas the IPr and η 2 -olefin show two doublets at 186.8 (J C-Rh = 55.5 Hz) and 59.4 ppm (J C-Rh = 12.9 Hz), respectively, in the 13 C{ 1 H} NMR spectrum.
Moreover, the chlorido counterpart RhCl(IPr)(η 2 -coe)(py), which was characterized by X-ray diffraction analysis, showed similar NMR data. 15f Several attempts for isolation of the new complex were unsuccessful.
Scheme 3. Detected intermediates relevant to the mechanism of alkyne hydrothiolation.
The next step was the study of the behavior of the metal-thiolato intermediate with alkynes.
Treatment of a freshly prepared sample of 6 with 2 equiv of benzylacetylene at -40 ºC gave rise to the formation of Rh(SCH 2 Ph)(IPr)(η 2 -HC≡CCH 2 Ph)(py) (7) as a result of alkyne-coe ligand exchange (Scheme 3). The 1 H NMR spectrum of 7 displays, in addition to the typical signals for coordinated pyridine and IPr, a broad signal at δ 3.70 ppm (≡CH) and two doublets at 2.50 and 1.87 ppm (CH 2 , J H-H = 18.5 Hz) corresponding to the η 2 -alkyne. 25 The CH 2 protons of the benzylthiolato ligand is also diastereotopic and appear as doublets at 3.47 and 3.10 ppm ( C-S bond. 26 However, for this process to be operative a cis alkyne-thiolato disposition is required which is not the case in 7. In fact, heating 7 to 40 ºC for 4 h did not lead to the insertion of the alkyne into the Rh-S bond but rather resulted in the decomposition of the sample. The affinity of IPr and pyridine to adopt a mutually trans disposition in Rh I square-planar complexes may account for the lack of the desired reactivity (see theoretical part for further details). is kinetically more favorable due to the lower energetic barrier. Both transition states display a roughly metalacyclobutene structure including the metal, sulfur and the two carbon atoms of the former alkyne ( Figure 5 ). Inspection of the geometry of the structures reveals that J-TS is a more advanced transition structure than J'-TS, being the Rh-C bond distance 2.274 Å in J-TS much shorter than in J'-TS (2.655 Å). Another notable fact that arises from the comparison of both key transition states is that the phenyl group of the former alkyne suffers from higher steric hindrance from IPr substituents on J'-TS that may account for its relative destabilization. Also of note is the spatial structure of the Rh-hydride pentacoordinated species K and K' that can be described as a distorted trigonal bipyramid with C-Rh-S angles of 143.8º and 137.2º, respectively.
Figure 5. Optimized structures for the intermediates and transition states for migratory insertion including selected distances (Å) and angles (º).
The cycle is closed by C-H reductive elimination through Y-shape transition states, L-TS and L'-TS. The energetic barriers are considerably smaller than in the previous step and the overall reaction is highly exothermic, -18.8 and -22.6 kcal mol -1 for the α or β-E vinyl sulfides, respectively. The hydrometallation pathways have also been computed but showed higher energetic barriers for the rate-limiting insertion step (see Supporting Information).
A possible alternative reaction pathway for alkyne hydrothiolation could be a non-oxidative process in which the insertion step takes place within a Rh I -π-alkyne-thiolato species. The computed coe-alkyne ligand exchange and subsequent insertion step are presented in Figure 6 .
Compound N' represents a square-planar derivative similar to 7 in which isomerization to a cis alkyne-thiolate species N is necessary for the subsequent alkyne insertion into the Rh-SR bond to generate the rhodium-alkenyl intermediate P. In this case, the energetic barrier for the transition state O-TS is 32.8 kcal mol -1 (with regard to the lowest intermediate N'), higher than the energetic barrier calculated for J-TS (27.8 kcal mol -1 ) indicating that the pathway presented in Figure 4 is more favorable. (Figure 7 ). Supporting Information Available. X-ray crystallographic information files containing full details of the structural analysis of complex 3 (CIF format). Energetic profile of the alkyne hydrothiolation catalytic cycle via an alternative hydrometallation pathway ( Figure S1 ), selected NMR spectra, and cartesian coordinate for theoretical calculations. This material is available free of charge via the Internet at http://pubs.acs.org.
Concluding remarks

Experimental Section
All reactions were carried out with rigorous exclusion of air using Schlenk-tube techniques.
THF was dried over sodium and distilled under argon prior to use, the other solvents were obtained oxygen-and water-free from a Solvent Purification System (Innovative Technologies). in THF (20 mL) was treated with NaOH (130 mg, 3.25 mmol) and stirred at room temperature for 4 h. After filtration through celite, the THF was removed in vacuo and n-hexane added to induce the precipitation of a yellow solid, which was washed with n-hexane (3 x 3 mL) and dried under vacuo. Yield: 89 mg (63% give a yellow solution. Then, the solution was concentrated to ca. 1 mL and n-hexane added to induce the precipitation of a yellow solid, which was washed with n-hexane (3 x 3 mL) and dried Standard conditions for the catalytic alkyne hydrothiolation. In a NMR tube 0.01 equivalent of catalyst were dissolved in 0.5 mL of C 6 D 6 and then 0.50 mmol of thiol and 0.50 mmol of alkyne were added. The alkyne conversion to vinyl sulfide was quantified by integration of the 1 H NMR spectra. Reaction product formation was also monitored at periodic time intervals by using GC-MS analysis. One equivalent of α-terpinene relative to thiol was used in the radical scavenger experiment.
Crystal Structure Determination. X-ray diffraction data were collected at 100 (2) 
